Group II introns act as both large catalytic RNAs and mobile retroelements. They are found in organelle and bacterial genomes and are spliced via a lariat intermediate, in a mechanism similar to that of spliceosomal introns. However, their distribution and insertion patterns, particularly for bacterial group II introns, suggest that they function and behave more like retroelements than organelle introns. RmInt1 is an efficient mobile intron found within the ISRm2011-2 insertion sequence in the symbiotic bacterium Sinorhizobium meliloti. This group II intron is excised, in vivo and in vitro, as intron lariats. However, the complete splicing reaction in vivo remains to be elucidated. A lacZ reporter gene system, northern blotting and real-time reverse transcription were carried out to investigate RmInt1 splicing activity. Splicing efficiency of 0.07 ± 0.02% was recorded. These findings suggest that bacterial group II introns function more like retroelements than spliceosomal introns. Their location is consistent with a role for these introns in preventing the spread of other potentially harmful mobile elements in bacteria.
INTRODUCTION
Group II introns are large catalytic RNAs with a conserved secondary structure, consisting of six domains (DI to DVI), folded into a conserved three-dimensional structure (reviewed in 1). Unlike organellar introns, most bacterial group II introns have an internally encoded (ORF within dIV) reverse transcriptase/maturase. This intron-encoded-protein (IEP) is required for the folding of the intron RNA into a catalytically active structure in vivo (2) (3) (4) (5) . Some of these group II introns act as mobile retroelements, through a target DNAprimed mechanism involving a stable ribonucleoprotein (RNP) complex containing both the intron RNA and the IEP (6) (7) .
Group II introns are typically spliced through two sequential transesterification reactions similar to those of nuclear spliceosomal introns (2) . In the first step, the 2 0 -OH group of a branch point nucleotide residue, usually a bulged adenosine in dVI, attacks the 5 0 -splice junction, resulting in cleavage of the 5 0 -exon and the formation of an intron-3 0 -exon-branched lariat intermediate.
The released 5
0 -exon remains associated with the intron via base pairing of the intron-binding sites (IBS1 and 2) to the exon-binding sites (EBS1 and 2) located in domain DI. In the second step, the free 3 0 -OH of the 5 0 -exon attacks the 3 0 -splice junction, leading to release of the intron lariat and ligation of the 5 0 -and 3 0 -exons. The first bacterial group II intron was discovered in 1993 (8) , and, by 2002, more than 200 full-length group II introns had been identified in eubacteria (9) . Most of these introns were identified through sequence analysis in microbial genome sequencing projects, and some are found in Archaebacteria (10) (11) . Only a minority of bacterial group II introns have been unequivocally shown to be functional or to undergo splicing in vivo: Ll.ltrB from Lactococcus lactis (12) (13) (14) ; the Sinorhizobium meliloti RmInt1 (15); B.a.I1 and B.a.I2 from Bacillus anthracis (16); a Clostridium difficile intron (17) and the Avi.groEL intron from Azotobacter vinelandii, which inserts within the termination codon of the essential groEL gene (18, 19) . However, most bacterial group II introns insert between genes or directly after Rho-independent terminators (9) . It is therefore possible that many of these bacterial group II introns are transcribed only weakly, if at all, in the cell. By contrast, organelle group II introns frequently insert themselves into essential genes, such as those encoding NAD dehydrogenase, ribulose-bisphosphate carboxylase and the subunits of cytochrome oxidase, which require efficient transcription and splicing (9) .
RmInt1 is a mobile bacterial group II intron identified in S. meliloti, the nitrogen-fixing symbiont of alfalfa (Medicago sativa). It belongs to the IIB3 subclass (11) , and has an IIB-like RNA structure with some IIA features. Moreover, unlike lactococcal and yeast introns, RmInt1 and bacterial class D introns have no C-terminal DNA-binding/DNA endonuclease region in their IEP (15, 20) . The mobility of the RmInt1 intron is based on a preferential pathway involving reverse splicing of the intron RNA into single-stranded DNA at a replication fork, with the nascent lagging DNA strand used as the primer for reverse transcription (21) .
RmInt1 splicing has been investigated principally by analyzing excised intron products. These analyses have shown that the maturase (X domain), including the conserved C-terminal tail of the IEP, is required for splicing (22) . The excised intron products have been characterized in detail and shown to consist mostly of lariat forms (23) . In vitro, it has been shown that exon ligation is unusually inefficient for RmInt1 (24) . This is partly because nucleotides 5 to 11 of the 3 0 -exon match the EBS1 5 0 -exon-binding site much better than the authentic IBS1 sequence in the 5 0 -exon (25) . Furthermore exon junction products have been detected in vivo only in RT-PCR assays (15, 26) .
In this study, we inserted RmInt1, with its recognized exons, in frame within the coding sequence of a lacZ reporter gene. The resulting construct was expressed in S. meliloti and Escherichia coli cells. The complete splicing of RmInt1 in this new context was analyzed by investigating all the products obtained, including excised intron and ligated exons, in vivo. We found that RmInt1 splicing led to the accumulation of detectable lariat forms but that this process was inefficient, shown by a low detection of ligated exons. This inefficiency of splicing has direct consequences for the spread of bacterial group II introns, which behave more like retroelements than spliceosomal organellar introns.
MATERIALS AND METHODS

Bacterial strains and growth conditions
We used S. meliloti RMO17 (RmInt1 intron-less strain) (27) and E. coli DH5a (Bethesda Research Laboratories) for RNA extraction and b-galactosidase assays. E. coli was also used for the cloning and maintenance of plasmid constructs. S. meliloti was routinely grown at 28 C, on complete TY medium, and E. coli DH5a was grown at 37 or 28 C, on Luria-Bertani (LB) medium. When required, the medium was supplemented with antibiotics at the following concentrations: kanamycin, 200 mg/ml for S. meliloti and 50 mg/ml for E. coli; tetracycline, 10 mg/ml and ampicillin, 200 mg/ml. All plating media contained 1.5% Bacto agar.
Recombinant plasmids
pICG plasmids are derivatives of pMP220 (28) , to which the pSyn promoter (29) has been added upstream from the lacZ gene and the ribosome binding site, to ensure strong constitutive expression (29) . In addition, the BlnI and polylinker BamHI sites have been removed. pICG-E1E2 contains 25 nt corresponding to the intron flanking exons [20 bp of the 5 0 -exon (E1) and 5 bp of the 3 0 -exon (E2)] (27) from the ISRm2011-2 insertion sequence inserted into the BamHI site of the lacZ gene. pICG-WT contains the wild-type RmInt1 intron, generated in vivo by the invasion of pICG-E1E2 by the RmInt1 intron from pKG2.5 (20) . pICG-DV contains a variant of the intron with a mutation in catalytic domain V, obtained from pKG2.5D5-CGA (30) .
The construct used to produce the IEP protein in trans was pKGIEP (30) . The series of constructs in trans generated in this study are ÁORF constructs (27) , from which most of the intron ORF has been deleted. pICG-ÁORF was constructed by ligating the 0.8 kb PmlI/BlnI fragment of pKGMA4 between the corresponding sites of pICG-E1E2. pICGÁORFDV contains the ÁORF fragment with a mutation in the catalytic domain, as in pKG2.5D5-CGA (30) , inserted between the PmlI and BlnI restriction sites.
The plasmids in the cis series are also based on ÁORF constructs, with the sequence encoding the IEP protein located upstream from the 5 0 -exon on the same plasmid. This IEP sequence was obtained by amplification from pKGIEP, with the primers 5 0 -GGGGAGTACTGGAAA CAGGATGACTTCGGA and 5 0 -GGGGGCATGCTCA GGTAAACGTGTTCGTTCC, and was inserted between the ScaI and SphI sites added to the polylinker of pICG-E1E2, pICG-ÁORF and pICG-ÁORFDV, to give pICG-IEP-E1E2 (without intron), pICG-IEP-ÁORF (intron ÁORF) and pICG-IEP-ÁORFDV (CGA-mutated intron), respectively.
The plasmids of the ter series contain a synthetic Rho-independent transcription terminator (31) . In these constructs, oligonucleotides 5 0 -GATCCCCTAGGTGAA AAAACGACAAAGCAGCACTGATTACAGTGCTG CTTTTTTTATCCCTGTG and 5 0 -GATCCACAGGGA TAAAAAAAGCAGCACTGTAATCAGTGCTGCTTT GTCGTTTTTTCACCTAGGG were annealed and ligated downstream from the intron-flanking exons, into the BlnI/BamHI sites of pICG-E1E2, pICG-ÁORF and pICG-ÁORFDV, generating pICGTer-E1E2 (without intron), pICGTer-ÁORF (intron ÁORF) and pICGTer-ÁORFDV (CGA mutated intron), respectively.
RNA isolation and cDNA synthesis
RNA was extracted from cultures of free-living S. meliloti RMO17 and E. coli DH5a, as described earlier (23) .
For reverse transcription, we annealed 10 mg of total cellular RNA with 50 ng of pd(N) 6 random hexamer (Roche) in the presence of 5Â first-strand reverse transcriptase buffer (Roche) and 10 mM dithiothreitol, with DEPC-treated water used to make the volume up to 8.25 ml. The mixture was first heated at 90 C for 2 min, then slowly cooled (5 C/30 s) to 25 C. cDNA synthesis was triggered by adding 0.625 mM dNTP, 15 U RNase inhibitor (Invitrogen) and 11 U AMV reverse transcriptase (Roche) and incubating for 3 h at 42 C. The reverse transcriptase was then inactivated by incubation at 85 C for 5 min. As a negative control, we replaced the enzyme with 1.75 ml of water in another reaction. After cDNA synthesis, we added 90 ml of DEPC water to the samples to give a final volume of 100 ml.
Analysis of in vivo splicing products
Primer extension analysis was performed on total RNA from RMO17 cells carrying the plasmids of the wild-type, cis and trans series, as described earlier (30) . The cDNA bands corresponding to the resolved extension products were quantified with the Quantity One software package (Bio-Rad Laboratories) and excision efficiency was calculated as the the ratio of the 97 nt product from each intron construct to wild-type construct, normalized with respect to a precursor product and expressed as a percentage.
For northern blotting, total cellular RNA (5 mg) was subjected to electrophoresis in a denaturing 6% polyacrylamide gel and blotted onto a Biodyne TM membrane (Pal Corporation). The membrane was hybridized with 5 0 -32 P-labeled oligonucleotide probes complementary to the 5 0 -exon (5 0 -AGGCCGTAATATCCAGCTGAAC), RmInt1 intron (5 0 -TGAAAGCCGATCCCGGAG) and the transcription terminator, representing the 3 0 -exon (5 0 -GATCCACAGGGATAAAAAAAGCAGCACTGT AATCAGTGCTGCTTTGTCGTTTTTTCACCTAGG G). The probes were radiolabeled in a final volume of 10 ml containing 75 pmol of the oligonucleotide, 20 mCi of [g-32 P]ATP (3000 Ci/mmol; 10 mCi/ml; PerkinElmer) and 10 U of T4 polynucleotide (New England Biolabs), at 37 C, for 2 h, and the labeling mixture was then passed through Sephadex G-25 columns (GE Healthcare) for probe purification. The membrane was hybridized with $20 000 cpm of probe/ml overnight at 42 C. It was then washed and placed against a phosphor screen, for visualization of the bands with the Personal Molecular Imager FX scanner and Quantity One software (BioRad).
b-galactosidase assays b-galactosidase assays were performed as described by Miller (32) . Briefly, overnight cultures of E. coli grown at 28 and 37 C and of S. meliloti grown at 28 C were diluted 1:50 in fresh LB and TY medium, respectively, and incubated until the cultures reached the exponential growth phase (OD 600 = 0.6). Cultures were then cooled on ice for 20 min and bacterial density was recorded by measuring optical density at 600 nm. We then added aliquots of 10 ml to 300 ml of bacteria to the assay Z buffer containing 60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 and 50 mM b-mercaptoethanol and adjusted the pH to 7. We added 50 ml of chloroform and 25 ml of 0.1% SDS to the sample-buffer mixture, which we then vortexed for 30 s. The samples were incubated at 28 C for 5 min and the reaction was then started by adding 0.2 ml of ONPG (4 mg/ml) (Fluka). The reaction was allowed to proceed for 10 min and was then stopped, by adding 0.5 ml of a 1 M Na 2 CO 3 solution. Samples were centrifuged for 2 min to eliminate cell debris and absorbance was recorded at 420 nm. The results are expressed in Miller units, as described earlier (32) .
SYBR green quantitative PCR
Primers were designed with Primer 3 software (http:// fokker.wi.mit.edu/primer3) (33) and examined for possible secondary structures with the mfold program (http://www.bioinfo.rpi.edu/applications/mfold) (34) . For lacZ1, we amplified a 149 bp fragment with 1Q_CAT (5 0 -CAGGAGCTAAGGAAGCTAAAATGG) and 2QR_CAT
(5 0 -AGGCCGTAATATCCAGCTGAAC); for RmInt1 intron, a 178 bp fragment was amplified with 3Q_RIB1 (5 0 -GCGTAAAGCTGCGTGAATGAT) and 4QR_RIB1 (5 0 -TCCTCGGAGGGTTCACTTT) and, for ligated b-galactosidase gene lacZ, a 194 bp fragment was amplified with 5Q_CAT (5 0 -TGTACCTATAACCAGAC CGTTCAG) and 6QR_LACZ (5 0 -GATGTGCTGCAAG GCGATT). The amplification efficiencies of all the primers were determined with serial 10-fold dilutions of the recombinant pICG-E1E2 and pICG-WT plasmids (Suplementary Figure S1 ). PCR efficiency was high, at 94-97.7%, with a high degree of linearity (Pearson correlation coefficient r) (Supplementary Table S1 ). Primer specificity was determined by melting-curve analysis and gel electrophoresis (Supplementary Figure S2) .
We carried out qRT-PCR on the iCycler System (Bio-Rad). Each reaction was run in triplicate and contained 5 ml of cDNA template (equivalent to 500 ng total RNA), 0.5 mM dNTP, 5 pmol of each oligonucleotide primer, 7.5 mM MgCl 2 , 2.5 ml of a 1:10 000 dilution of SYBR Green, 2.3 ml of reaction buffer and 0.5 U of Platinum Taq DNA Polymerase (Invitrogen), with the final volume made up to 23 ml with DEPC water. The PCR cycling conditions were as follows: hot start, with heating at 94 C for 3 min, followed by 40 cycles of denaturation at 94 C for 30 s, annealing at 67 C for 30 s and extension at 72 C for 15 s. A melting curve analysis was performed in all PCR runs, to check the identity of the PCR product obtained. Controls without a template were also included. Three independent RNA preparations from each strain were tested.
Absolute mRNA levels were determined, whereas relative quantification was carried out for splicing, based on the 2 ÀÁÁCT method (35) . Differences in relative expression were identified by carrying out Student's t-test. Levene's test was used to check that the variances were equal.
RESULTS
Design of plasmid constructs
We developed a splicing reporter system, by linking the splicing of RmInt1 to the constitutive expression of the lacZ gene, in pICG plasmids (see 'Materials and Methods' for construct descriptions and Figure 1A and B). It is not easy to insert intron RNA into reporter genes, because group II intron splicing requires base pairing between the intron sequences EBS1, EBS2 and EBS3 located in DI and the 5 0 -and 3 0 -exon sequences IBS1, IBS2 and IBS3 (EBS and IBS indicate exon-binding and intron-binding sites, respectively). We solved this problem by inserting the intron and minimal flanking exon sequences from the ISRm2011-2 insertion sequence in frame with codon 58 of the lacZ gene ( Figure 1C ). We used short exon sequences because they have been shown to increase RmInt1 intron excision in vitro and in vivo (24, 27) . In these constructs, intron splicing leads to the synthesis of a b-galactosidase protein with a short extension (14 amino acid residues) corresponding to the ligated exons, whereas, in the absence of splicing, translation is terminated due to the presence of multiple stop codons within the intron. The wild-type construct, pICG-WT, contains the full-length RmInt1 intron (1.9 kb) with the protein encoded by a sequence in DIV. pICG-IEP-ÁORF and pICG-ÁORF contain a 0.74 kb intron (27) in which the IEP is either encoded by a sequence just upstream from the 5 0 -exon/lacZ sequence (referred to as the cis position; Figure 1B ) or constitutively produced from a compatible pKGIEP plasmid (the trans position, as described in 30). As a control for the ligated exons expected from the constructs described earlier, an intron-less construct, pICG-E1E2, consisting of the RmInt1 short flanking exons fused in frame with the lacZ gene, was used in which the IEP was either encoded by a sequence in the cis position (pICG-IEP-E1E2) or by a sequence in trans (pICG-E1E2+IEP), from compatible pKGIEP plasmids. As a negative control in these splicing assays, plasmids containing splicing-defective mutants, with a mutation in the critical conserved AGC-GUU pairing of intron RNA domain V (GUU converted to CGA, 30) were generated. These constructs were named pICGDV, pICG-IEP-ÁORFDV and pICG-ÁORFDV+IEP, for the corresponding full-length intron, and for the 0.74 kb intron with the IEP sequence expressed in cis and in trans, respectively.
We carried out double-plasmid mobility assays to check that the pICG plasmids were fully active. The pICG-WT plasmid harboring the RmInt1 intron was transferred to the RMO17 strain (an intron-less S. meliloti strain) by conjugation, together with the acceptor construct pBB0.6+ containing the RmInt1 homing site (20) . Plasmid analysis for the trans conjugants showed that almost 100% of the recipient plasmids were invaded by the RmInt1 intron (data not shown). 
The in vivo excision of RmInt1
RmInt1 excision products were assessed by carrying out primer extension analysis on pICG constructs (Figure 2A) , as previously described for other plasmid constructs (23, 27, 30) . In these assays, the excised lariat intron RNA (L) is detected as an extension product of 97 nt, together with larger bands derived from unspliced precursor RNA molecules (Pr) ( Figure 2B ). In S. meliloti, the expected 97 nt product was obtained from constructs containing the RmInt1 intron (lanes 2, 5 and 8), whereas no band was obtained from intron-less constructs (lanes 1, 4 and 7) or from splicing-defective constructs with a mutation in DV of the intron (lanes 3, 6 and 9). RmInt1-ÁORF intron excision was three times more efficient when IEP was expressed in trans (lane 8) than when expressed in cis (lane 5), being almost as efficient as that observed with the wild-type intron construct (lane 2). This result contrasts with those for the Ll.ltrB intron, for which ÁORF intron splicing occurred at wild-type levels when the IEP sequence was expressed in cis, but at much lower levels expressed in trans from a separate plasmid (36) . We analyzed the pICG constructs in E. coli, and found that the amount of excision product obtained was 95% lower than that obtained in S. meliloti, for constructs containing RmInt1 intron (lanes 11, 14 and 17) . No band was observed for intron-less (lanes 10, 13 and 16) and splicing-defective (lanes 12, 15 and 18) constructs, as expected. Thus, the efficiency of RmInt1 excision depends on the bacterial host.
RmInt1 splicing in S. meliloti
We analyzed the splicing products of the RmInt1 intron, by carrying out northern blotting (Figure 3 ) with S. meliloti-host RNA samples, in which in vivo excision Figure 2 . In vivo excision of the RmInt1 intron in S. meliloti and E. coli. (A) Primer extension assays were performed on total RNA extracted from S. meliloti (lanes 1-9) and E. coli (lanes 10-18) harboring the indicated constructs. RNA was reverse-transcribed with a 32 P [g-ATP] 5 0 -labeled primer complementary to the first 97 nt of RmInt1. The products were analyzed by electrophoresis in a denaturing 6% polyacrylamide gel, which was dried and quantified with a PhosphorImager. The major cDNA product (97 nt, indicated with a dot) for the wild-type and ÁORF constructs (lanes 2, 5, 8, 11, 14 and 17) corresponds to the excised intron RNA. Larger products derived from unspliced precursor RNAs were also detected (110 and 126 nt). As negative controls, we used DV mutant intron constructs (lanes 3, 6, 9, 12, 15 and 18) and intron-less constructs (E1E2, lanes 1, 4, 7, 10, 13 and 16). (B) Schematic diagram of primer extension on linear unspliced precursors and excised intron lariats, showing the expected extension products. The bulged A in dVI is also indicated.
was the most efficient (Figure 2) , and RmInt1-ÁORF constructs. We also introduced a Rho-independent transcription terminator (ter series, 'Materials and Methods' section) into the constructs, for the identification of RNA precursors of a precise size ( Figure 3B, lanes 1-6) . As control for this element, we included constructs without the Rho-independent transcription terminator (lanes 7-9). A set of negative control samples, in which the IEP was absent, was used to identify the precursors and transcript forms (lanes 1-3) . Precursor accumulated only for constructs containing the transcription terminator (lanes 2, 3, 5 and 6). The precursor was resolved as a triplet, because transcription is initiated by the Syn promoter at three different positions. The lower intensity of the precursor band for intron-bearing constructs (lanes 2, 3, 5 and 6) than for intron-less constructs (lanes 1 and 4, left and right panel) probably reflects a lower efficiency of the RNA polymerase, with longer templates and a greater susceptibility of the larger precursor RNA to nucleolytic degradation. Nevertheless, no traces of ligated exons were observed with the ÁORF construct complemented with the IEP (lane 5, left and right panel). Lariat intron forms were also observed for RmInt1 constructs (lanes 5 and 8, middle panel). Their electrophoretic mobility was low due to their three-dimensional configuration. The absence of ligated exons cannot be accounted for by the accumulation of intermediates of the splicing reaction steps, as no lariat-3 0 -exon intermediates were observed, as shown by the lack of bands on hybridization with 3 0 -exon probe ( lanes 5 and 8, right panel) . Further, a 740 nt band was shown, probably corresponding to a broken 0 -and 3 0 -exon probes hybridize to the precursor RNA and ligated exons, whereas the intron probe hybridizes to the precursor RNA, excised lariat intron and broken lariat intron. Exons are hatched and boxed, the intron is shown as a solid black line with a circle indicating the bulging adenosine in DVI, the transcription terminator is a stem-loop and the probes are represented by a bold gray line. The pSyn promoter includes three origins of transcription, generating three bands for the precursor or ligated exons, the size of which is indicated. (B) Northern blot hybridizations were performed with 5 mg of total RNA extracted from S. meliloti harboring the indicated pICG plasmids with (lanes 1-6; ter series) and without (lanes 7-9) the Rho-independent transcription terminator and complemented (lanes 4-9) or not (lanes 1-3) with the IEP in trans. The splicing products detected are indicated to the right of the panels. Three bands corresponding to the expected ligated exons are visible only in bacteria containing intron-less constructs of the ter series (Ter-E1E2, lanes 1 and 4). Excised and broken lariat bands are detectable only in samples containing ÁORF constructs complemented with IEP (lanes 5 and 8). Other bands corresponding to non-specific cleavage or cross-hybridization products of $600 nt are indicated (x). lariat form because it was detected only with the intron probe for constructs containing ÁORF complemented with the IEP in trans (lanes 5 and 8, middle panel), with no bands detected for the intron-less (lanes 1, 4 and 7, middle panel) and DV mutant (lanes 3, 6 and 9) constructs. The other bands observed on hybridization with the 3 0 -exon probe correspond to non-specific cleavage products (lanes 2, 3, 5 and 6, right panel, x products) . Our results provide direct evidence that RmInt1 splicing in S. meliloti is inefficient, with the accumulation of the intron lariat not accompanied by the accumulation of ligated exons.
Quantitative analysis of RmInt1 expression and splicing
No ligated exons were detected on northern blotting. We therefore used a reporter gene system to determine the extent to which exon ligation occurred during RmInt1 splicing in vivo. In this system, intron excision is linked to lacZ gene expression. Quantification was carried out in S. meliloti at its growth temperature (28 C) and in E. coli at 37 and 28 C (Supplementary Table S2 ). The intron-less construct of each plasmid series was used to test the system and the reaction conditions. With these constructs, b-galactosidase activity ranged from $4000 Miller units in the cis series in S. meliloti to 15000 Miller units in the wild-type series in E. coli grown at 37 C, demonstrating an effect of temperature on the enzymatic activity of b-galactosidase in E. coli. However, constructs harboring introns had very low levels of activity (from 5 to 20 Miller units) in both S. meliloti and E. coli and, in most cases, activity levels were similar to those obtained with the splicing-defective DV mutant. Thus, there are presumably too few ligated exons for quantification by this enzymatic method.
We developed a quantitative real-time reverse transcription-PCR (qRT-PCR) assay, to quantify the ligated exons generated by intron splicing and to analyze RmInt1 and lacZ transcript levels in the context of pICG plasmids, as previously carried out for Ll.ltrB in L. lactis (14) . Absolute quantification was used to determine mRNA levels in the wild-type series of plasmids. Three primer pairs were used to amplify lacZ1, RmInt1 intron and ligated b-galactosidase gene lacZ produced as a consequence of the splicing of RmInt1 ( Figure 4A ). All transcripts displayed constitutively high levels of expression ( Figure 4B ). The amount of lacZ1 mRNA (primer pair 1-2), which represents total mRNA transcribed, was almost constant in all samples. The RmInt1 intron mRNA (primer pair 3-4) is produced only from constructs harboring the intron (pICG-WT and DV), both excised and being part of the precursor mRNA. RmInt1 mRNA levels were highest, due to accumulation of the more stable lariat form of the intron. The ligated b-galactosidase gene lacZ transcripts (primer pair 5-6) are produced by intron excision and ligation of the 5 0 -and 3 0 -exons containing lacZ1 and lacZ2 fragments. To avoid amplification of precursor molecules by primers 5-6, the extension step in the qRT-PCR was reduced until ligated exons were the unique product detected ('Materials and Methods' section). The mRNA for the intron-less construct pICG-E1E2 amplified by primers 5-6 was produced at almost the same level as that for the lacZ1, and it constituted the positive control for exon ligation. In contrast, the intron-containing construct pICG-WT generated three orders of magnitude less mRNA than pICG-E1E2 and 15 times as much mRNA as the splicing defective pICG-DV construct, which gave no distinct amplicon even if PCR was carried out over 40 cycles (not shown).
We investigated the splicing efficiency of RmInt1 in S. meliloti, by calculating the ratio of the ligated lacZ gene mRNA to lacZ1 mRNA for pICG-WT and pICG-DV, normalizing the value obtained with respect to the intron-less exon-ligated control and expressing the result as a percentage. We compared the splicing efficiency of RmInt1 in S. meliloti with that in E. coli (Table 1 ). The splicing efficiency of RmInt1 was very low in S. meliloti, at 0.07 ± 0.02%, but was nonetheless 4.5 times higher than that in E. coli, confirming that the intron was more functional in its natural host. 
DISCUSSION
The in vivo splicing of group II introns has been studied in detail for a small number of well known group II introns, such as Ll.ltrB from L. lactis and aI5g from S. cerevisiae (12, (36) (37) (38) (39) (40) (41) (42) (43) (44) . In most cases, these analyses were limited to the detection of the spliced form of the intron, with very few studies considering the detection (45) or quantification (14) of ligated exon forms. Group II introns often interrupt critical or, at least, functional genes of their hosts (3), affecting host viability or impairing a particular function of the cell. This characteristic has also been used to monitor splicing (38) . In this study, we analyzed the splicing of the bacterial group II intron RmInt1, including intron excision and exon ligation, in S. meliloti and in E. coli, by northern blotting, b-galactosidase assays and qRT-PCR approaches. We show that the splicing of a group II intron naturally inserted into an insertion sequence (ISRm2011-2) interrupting the transposase gene is almost completely abolished, but this intron retains its invasion capacity. This suggests that bacteria may use group II introns to control the spread of other potentially harmful mobile elements.
We first developed a reporter system linking the splicing in vivo of RmInt1 intron to the expression of b-galactosidase, as previously used for other reporter genes and Ll.ltrB in E. coli (36) . This system provided an intron context in which the ISRm2011-2 sequence, into which RmInt1 is inserted in its natural host, is reduced to 25 nt (20 nt for the 5 0 -exon and 5 nt for the 3 0 -exon). This intron context has been shown to improve the efficiency of RmInt1 splicing both in vivo (27) and in vitro (24) (25) . Splicing was also analyzed for the full-length wild-type construct and for cis constructs, in which the intron-encoded protein (IEP) sequence is located upstream from the 5 0 -exon, and trans constructs, in which the IEP sequence is located on a separate plasmid.
Assays of RmInt1 excision efficiency in the pICG system showed similar rates of excision for the wild-type construct and the construct in which the IEP sequence was present in trans on a separate plasmid. These findings contrast with those for LtrA in E. coli, for which lower levels of excision were reported in trans (36) . As the plasmid carrying the IEP sequence in trans is present at a higher copy number than the IEP sequence in cis, the larger amount of protein produced in the trans system may rapidly become available for the binding of intron RNA, preventing degradation of the precursor RNA. RmInt1 when the IEP is in a cis position upstream from the 5 0 -exon was excised less efficiently, probably due to the larger distance to the promoter and the higher probability of the RNA polymerase releasing the RNA chain or dissociating from the DNA template. By contrast, RmInt1 excision in E. coli was 95% less efficient than excision of the intron from the wild-type construct in S. meliloti, suggesting that host factors may play an important role in the splicing reaction, probably during ribozyme folding, as previously reported for other group II introns (46) (47) .
The analysis of RmInt1 splicing products in vivo in S. meliloti confirmed that lariat form accumulates in the splicing process and that this product is free of lariat-3 0 -exon reaction intermediates. However, ligated exons forms, more susceptible to cell degradation and thus less prone to accumulate, were not detected. The absence of ligated exon forms contrasts with the in vivo detection of exon ligation during splicing of the lactococcal group II intron Ll.ltrB in E. coli (45) , which suggests that splicing of RmInt1 may be inefficient. The lower level of accumulation of splicing products from constructs harboring a transcription terminator may be due to higher rates of RNA polymerase dissociation from short templates with a high degree of secondary structure than from templates lacking terminator sequences. We also detected a 740 nt intron band, probably corresponding to a broken lariat form. Linear group II introns have been reported to occur in vivo (48) , but this form is produced predominantly during in vitro splicing reactions (49) or as a consequence of branch-site mutations in vivo (44) .
The absence of ligated exons on northern blots led us to use more sensitive approaches for monitoring this product of intron RNA splicing. b-galactosidase assays in a lacZ reporter gene system have previously successfully been used for group I introns (50, 51) . Nevertheless, the level of exon ligation observed, in Miller units, was below background levels. Quantitative real-time qRT-PCR assays enabled us to analyze RmInt1 and lacZ mRNA levels and the intron splicing efficiency. Large amounts of lacZ1 and RmInt1 RNA were produced, but ligated lacZ gene produced three orders of magnitude less RNA, demonstrating the strong effect of RmInt1 on the genes it interrupts. We found that RmInt1 was very inefficiently spliced in vivo in S. meliloti (0.07 ± 0.02%) and in E. coli (0.016 ± 0.006%). A previous study on the splicing activity of Ll.ltrB in L. lactis (14) reported splicing efficiencies 85 to 315 times more efficient than that for RmInt1 in S. meliloti.
Our results suggest that the splicing of RmInt1 in its natural host S. meliloti, where it interrupts the transposase of ISRm2011-2, is much less efficient than that of other described bacterial group II introns (52, 53) . However, this inefficiency does not lead to defects in intron mobility, The percentage RmInt1 splicing is defined as 2 ÀÁÁCT where ÁÁCT = ÁCT (mRNA amplified by primer pair 5-6) À ÁCT (mRNA amplified by primer pair 1-2) expressed as a percentage with respect to each ligated-exon construct. The error is calculated formulas follows: 2 ÀÁÁCT Á ln2 Á AESE.
since a small amount of excised intron remains stable and accumulates, likely because of its association with the IEP, forming RNP particles. In fact, this intron has been shown to spread well in S. meliloti (20, 26, 27) . In contrast, the minimal quantities of ligated exons produced during the splicing process are more likely to be susceptible to cell degradation, giving little chance of transposase translation. Most bacterial group II introns insert into non-essential genes, but some may play a role in the cell that requires at least low levels of expression to ensure correct functioning in natural conditions. RmInt1 and, possibly, other group II introns residing in intergenic regions, within insertion sequences or after Rho-independent transcription terminators (11, 54) , are under no genetic pressure to maintain efficient splicing. Our findings suggest that group II introns may have an evolutionary role in circumventing splicing, thereby preventing the mobility of harmful elements in the bacterial cell.
